Based on the fluorophore of 2-(2 0 -hydroxyphenyl)benzothiazole (HBT) with aggregation-induced emission (AIE) properties, a highly selective and sensitive fluorescent probe PBT towards F À was investigated. "TurnOn" fluorescence type signaling was realized by employing fluoride-selective cleavage of the latent thiophosphinated probe in mixed aqueous media. The probe is designed in such a way that the excited state intramolecular proton transfer (ESIPT) of the HBT moiety becomes blocked. The chemodosimetric approach of F À to the probe results in the recovery of the ESIPT by removal of a free AIE-active HBT moiety through a subsequent hydrolysis process. The F À detection limit of the probe was 3.8 nM in the dynamic range of 0.5 mM to 10 mM. In addition, the proposed probe has been used to detect F À in water samples and toothpaste samples with satisfying results.
Introduction
Fluoride ion, the smallest anion, is regarded as one of the most important anions. Fluoride is widely used as a useful additive in toothpaste, pharmaceutical agents and even drinking water owing to its established role in dental care, and as a clinical treatment for osteoporosis and for uorination of drinking water supplies. [1] [2] [3] [4] Appropriate uoride ingestion can prevent dental cavities and osteouorosis, while excess uo-ride intake may result in dental and skeletal uorosis, kidney and gastric disorders, and urolithiasis in humans, which may lead to death. [5] [6] [7] [8] As a result, there is a need to develop new selective and sensitive methods for monitoring the concentration of uoride in environments that are not easily served by conventional assay methods.
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In comparison with the conventional assay methods for F À including ion-selective electrode, 12 colorimetry, 13 and capillary electrophoresis, 14 uorescent techniques display apparent advantages such as operational simplicity, high sensitivity, and bioimaging analysis in living cells, even in vivo. Over the past decades, most reported F À sensors are based on the hydrogen bonding [15] [16] [17] [18] and the Lewis acid-base interactions 19, 20 during the past decades. And the interactions of Lewis acid-base mainly include uorine-boron complexation [21] [22] [23] and desilylation. [24] [25] [26] Fluorescent probes for F À based on desilylation that mostly divided into F À -promoted Si-C and Si-O cleavage reactions [27] [28] [29] [30] have attracted more interest among scientic research workers in recent years. To allow for proper standpoint of the uoride-probe development, a brief comparison with some of the recent developed uorescent chemosensors for F À has also been tabulated at Table S1 (ESI †).
On the other hand, dimethylphosphinothionyl groups have been used as side chain of phenolic OH protecting groups for tyrosine in peptide synthesis. 31, 32 Notably, dimethylphosphinothionyl group is the most unstable one among the phosphinyl groups, and is easy to be dislodged by F À . These favourable features make it possible for dimethylphosphinothionyl group to be widely used as a uoride triggering-based cleavable group. However, to the best of our knowledge, there have been rare literatures on the cleavage of P-O bond for detecting F À . 33, 34 In this case, to design receptors generally comprised of P-O bond for facilitate spontaneous respond to the detecting F À is interesting.
However, most of the uorescent probes for F À are based on uorophores with aggregation-caused quenching (ACQ) properties and need to be diluted in solutions or dispersed in matrix materials, which greatly restrict their practical applications. [35] [36] [37] [38] [39] In recent decades, contrary to ACQ, a novel series of bioimaging and biosensing dyes exhibiting unique characteristics of aggregation induced emission (AIE) have been discovered. [40] [41] [42] [43] [44] AIE active chromophores are generally weakly or non-emissive in the solution but strongly emissive in the solid/aggregated state. Since the discovery of AIE concepts, a large number of AIE active chromophores have been reported for a wide range of application. [45] [46] [47] [48] [49] [50] [51] [52] We have also constructed several uorescent probes which possess signi-cant AIE feature. [53] [54] [55] It is well known that the familiar excited state intramolecular proton transfer (ESIPT) uorophore 2-(2 0 -hydroxyphenyl)-benzothiazole (HBT) has been widely used to construct uorescent probes, owing to its large Stokes shi and high photostability. [56] [57] [58] Moreover, HBT has typical AIE properties by virtue of ESIPT and restriction of intramolecular motion (RIM) mechanisms. 59 Inspired by these properties, we have developed a uorescent and portable sensor PBT, a thiophosphinated derivative of HBT, for selective and sensitive detection of F À based on HBT (Scheme 1). The protection of phenoxyl group with dimethylphosphinothionyl group in PBT can efficiently quench its uorescence by disrupting the intramolecular hydrogen bond and blocking the ESIPT process. Aer reaction with F À to cleave the dimethylphosphinothionyl group through hydrolysis reaction, the generated AIE-active HBT will recover its uorescence by restoring intramolecular hydrogen bond and restriction of intramolecular motion in aggregation or solid state.
Experimental section

Materials and instrumentations
Salicylaldehyde, o-aminothiophenol and dimethylthiophosphinoyl chloride were purchased from Aladdin (Shanghai, China) and used without further purication. Triethylamine was purchased from Beijing Chemical Regent Co. All the other chemicals obtained from commercial sources were analytical pure and used without further purication unless otherwise noted. The water was puried by Millipore ltration system. 1 
Synthesis
The detailed synthetic procedure of the probe PBT was outlined in Scheme 2. 
General procedure for analysis
Stock solution of uoride ions and other analytes were prepared in ultrapure H 2 O, stock solution of PBT (1.0 mM) were prepared in THF, which was diluted to the required concentration for measurement. All uorescence measurements were carried out at room temperature on a Hitachi Fluorescence Spectrophotometer F-4500. All uorescence spectra were recorded in the range from 300 nm to 700 nm at 1200 nm min À1 using a 335 nm excitation wavelength. The excitation and emission bandwidths were set at 5.0 nm and 10.0 nm respectively.
Preparation of nanoparticles.
The nanoparticles of HBT were prepared by rapidly injecting 100 mL THF solution of HBT (1.0 mM) into a 10 mL THF/H 2 O mixture with different water fractions (0-90%) at room temperature. The samples (10 mM) were immediately taken for uorescence detection. The scanning electron microscope (SEM) samples were prepared by dropping the mixture solutions onto a silicon plate and immediately evaporating the solvent in vacuum. 2.3.5 Determination of the uorescence quantum yield. The uorescence quantum yields of PBT was determined in THF with sulfate quinine (F ¼ 0.54 in 0.1 M H 2 SO 4 ) as a uo-rescence standard. The quantum yields were calculated using the following equation: 
Results and discussion
Aggregation-induced emission characteristics of HBT
HBT is soluble in THF, DMF and DMSO, but exhibits poor solubility in water. The AIE phenomenon can be easily observed by the naked eye. The THF solution was almost non-emissive, whereas its powder or nanoparticles dispersed in water exhibited a signicantly enhanced emission (Fig. 1, inset) . In addition, the uorescence quantum efficiency of its THF solution, THF/H 2 O (1 : 9, v/v) solution and powder were measured to be 0.004%, 9.28% and 77.3%, respectively. The AIE characteristics of HBT were also investigated by measuring its uorescence spectra in THF/H 2 O mixture with different water fractions and the results are shown in Fig. 1 and S2. † As expected, there was almost no uorescence emission could be detected in dilute THF solution, suggesting that HBT is non-uorescence when dispersed in its "solution" state. The increasing water fractions in THF/H 2 O mixture can reduce the solubility of HBT and induce the formation of nanoaggregates. As shown in Fig. 1 , the uorescence intensity of HBT remained low with water fractions ranging from 0 to 70 vol%, and increased rapidly with further increasing water fractions from 70 to 90 vol%. This phenomenon indicated that increasing water fractions in the THF/H 2 O mixture can reduce the solubility of HBT and induce the formation of HBT aggregates.
To ulteriorly investigate the aggregation behaviour of HBT, the SEM analysis was performed by dissolving HBT in THF, THF/H 2 O mixture (2 : 8, v/v) and THF/H 2 O mixture (1 : 9, v/v) respectively (Fig. 2) . SEM images generated from the pure THF solution of HBT showed the presence of well-dispersed particles, images from the THF/H 2 O mixture of HBT showed the formation of aggregates. In pure THF solution, onedimensional nanowires were obtained aer solvent evaporation ( Fig. 2a and d) , while when the water fraction is above 80%, a large number of nanoclusters are formed (Fig. 2b and e) . Upon using a higher fraction of water in the system, for example, up to 90%, the HBT molecules quickly agglomerate to form plenty of amorphous ramiform aggregates (Fig. 2c and f) . The aggregate particles predominate in the mixture and their size is large enough to be easily observed. These results clearly indicate the presence of the AIE phenomenon in HBT.
Study of the spectroscopy properties of the probe PBT
To demonstrate that PBT can be used as a light-up senor in aggregation state, we further measured the UV and uorescence spectra of PBT and HBT in THF/H 2 O (1 : 9, v/v). Initially, spectroscopic evaluation of PBT and its responses to F À were carried out in THF/H 2 O (1 : 9, v/v, pH 8.0) at room temperature (25 C).
In the UV-vis spectra (Fig. S3 , ESI †), probe PBT showed one main absorption peak at 303 nm. When PBT reacted with F À , the absorption spectra of PBT underwent signicantly bathochromatic shi, indicating of the formation of the hydrolysis product HBT, with the absorption peak at 330 nm and in accordance with the synthesized HBT. Probe PBT also showed prominent off-on type uorescence signaling for F À (Fig. 3) .
The uorescence spectra of PBT upon titration with F À were recorded in THF/H 2 O (1 : 9, v/v) buffered by 20 mM Tris buffer at pH ¼ 8.0 to investigated the turn-on behavior of F À . As shown in Fig. 3 , PBT itself showed a very weak emission. However, the uorescence of PBT (10 mM) increased dramatically at 470 nm upon the addition of F À . Simultaneously, a perceived uores-cence colour change of PBT was observed from colourless to blue (Fig. 3, inset) . The change of emission intensity became constant and caused 70-fold increase when the addition of F À was to 30 mM (Fig. 4a ). This experiment shows that PBT is potential to be used as a uorescent light-up sensor in aggregation state through cleavage of the dimethylphosphinothionyl group to yield highly emissive HBT product. There was an approximately linear relationship (R 2 ¼ 0.9995) between uorescence intensity and F À concentration in the range of 0.5 mM to 10 mM at 470 nm (Fig. 4b) . The detection limit was found to be 3.8 nM on the basis of the equation LOD ¼ 3d/m (d was the standard deviation of the blank solution and m is the absolute value of the slope between uorescence intensity and uoride ions concentration) (Fig. S11, ESI †) . As shown in the inset of Fig. 4a , direct observation of the difference in uores-cence intensity of PBT with various concentration F À could be reached out. In addition, to conrm the stoichiometry of the binding between PBT and F À , Job's plots (continuous-variation)
analysis was carried out. The maximum value of Job's plot was 0.5 molecular fraction, which suggests that the stoichiometry ratio is 1 : 1 between PBT and F À (Fig. S12 , ESI †).
Reaction time is another important parameter to evaluate the feasibility of a probe in real time detection. Therefore, time dependent response of PBT to F À was evaluated. As shown in Fig. 5 , upon the addition of F À , the uorescence intensity of PBT showed a notably increase as the reaction time goes on. Then the uorescence intensity of PBT reached the maximum value and reached to a plateau within 2 min, indicating that the best response time was 2 min. Further kinetic studies also showed that the calculated pseudo-rst-order rate constant (k 0 ) was 0.01269 min À1 (Fig. S13 , ESI †). All the above results demonstrated that the probe PBT is a promising sensor, and could detect F À in quantitative and an expressed speed by the uo-rescence spectrometry method.
Effects of pH and selectivity studies
The effects of pH value on the uorescent response of probe PBT toward F À were investigated. As shown in Fig. S4 (ESI †), the PBT showed pH-dependence in the detection of F
À
. The emission of the probe at 470 nm increased drastically in the pH range of 7.5-8.5, and reached the peak value of uorescent intensity at pH ¼ 8.0, which indicated that PBT would be suitable for biological applications. Besides, the uorescent emission of probe PBT alone was unchanged at various pH values, which veried the stability of the probe. 
View Article Online
The specicity of PBT toward F À was investigated with various anions, including Cl À , Br
À which demonstrated excellent selectivity of PBT to F À . As shown in Fig. 6a, F À induced large uorescence increase of PBT at 470 nm upon excitation at 335 nm, whereas other anions triggered a small or negligible uorescence variation. These indicated that probe PBT exhibits good sensitivity toward F À over other species at 470 nm with excitation at 335 nm and the presence of other anions had no obvious effects on the uo-rescence intensity of PBT/F À mixture. The corresponding uo-rescent images of PBT in the presence of F À and various interferent were clearly showed in the inset of Fig. 6a . Compared to the other anions, the addition of F À could turn on the uorescence of the PBT probe solution, while the other anions did not show much of an effect (Fig. 6b) . That is to say, probe PBT has good selectivity to F À and could be used as an effective probe for practical detection of F À .
Reaction mechanism of PBT over uoride ions
The plausible mechanism behind the return of the ESIPT through the chemical transformation of PBT to HBT, induced by F À , is shown in Scheme 3. The excited state intramolecular proton transfer (ESIPT) of the HBT moiety gets blocked. The chemodosimetric approach of F À to the probe results in the recovery of the ESIPT by removal of a free AIE-active HBT moiety through hydrolysis process. To ascertain the probe design hypotheses and whether the turn-on uorescence response is attributed to a new thiophosphinated derivative of HBT compound that selectively gets deprotected by F À through hydrolysis process to yield a AIE-active HBT moiety, spectrum characteristics and its selective cleavage of the thiophosphinated group in probe PBT were checked with uorescence spectra and 1 H NMR, MS spectra.
HBT was isolated from the reacting system to conrm that the breakage action of PBT with F À had indeed produced aer F À was added to PBT.
1
H NMR spectra of PBT, the isolated reaction product of HBT and the synthesized HBT were shown in Fig. 7 . Upon the addition of F À , six protons of PBT corresponding to the protons of methyl group around 2.11 and 2.15 ppm dramatically disappeared (Fig. 7b) , comparing the 1 H NMR spectra of PBT (Fig. 7a) . It indicated that the hydroxyl group emerged from the concomitant reaction. Especially, the isolated product of HBT (Fig. 7b) displayed a same 1 H NMR spectrum with the synthesized HBT (Fig. 7c) . Furthermore, detailed HR-ESI mass spectral analyses (positive ion mode) were also conducted to support the plausible mechanism. Before the addition of F À , there was a peak of [M + ] (320.0314 m/z) for PBT.
Aer adding F À , a same peak of [M + ] (228.0470 m/z) for the isolated reaction product of HBT and the synthesized HBT were also found respectively (Fig. S14 , ESI †). All these experimental facts support the proposed breakage reaction mechanism of PBT with F À .
Determine uoride ion in real environmental samples
As shown in Fig. 8 In addition, we also prepared the test strips which were immersed in the various anions solution for several seconds and drying in air, the uorescent test strips showed an excellent selectivity for uoride ions with the various anions (Fig. 9) .
Finally, to evaluate whether PBT can serve as a potential probe to F À directly in real environmental samples, we carried out experiments in real-water samples that pretreated by a typical ltration step through 0.2 mm cellulose acetate membranes. Five real-water samples were collected from tap water, Qinghe River, Weiming Lake and two chemical industries in Beijing. The results for the determination of uoride ions were shown in Table 1 and no F À was checked out in the ve blank samples. When F À was added to them, the recovery was determined three times by the standard addition method and in range of 102-105%. These results demonstrate that the proposed assay strategy is successful in the detection of F À in real-water sample. As shown in Table 1 , most of the river samples gave lower F À concentration than the recommended limit (1.5 mg L À1 , 0.08 mM) for Class V surface water in China (GB3838-2002). 62 The results obtained suggest that probe PBT is prospectively useful for the selective quantication of F À in practical samples. Further tests of PBT for the detection of F À in several commercially available toothpaste samples were also taken. A list of the contents of F À was in Table 2 and the original spectra of the detection of F À in toothpaste samples were shown in Fig. S15 (ESI †). Fig. 9 Fluorescence changes of paper test strips for detecting F À in aqueous solution with different other anions. The test papers were excited at 365 nm using a hand-held UV lamp. Fig. 8 Fluorescence changes of paper test strips for detecting F À in aqueous solution with different F À concentrations. The test papers were excited at 365 nm using a hand-held UV lamp.
Conclusions
In summary, we have developed a uorescent sensor PBT for the rapid, selective and sensitive detection of F À via hydrolysis reaction to yield AIE-active HBT product, utilizing the desirable features of dimethylphosphinothionyl group as uoride triggering-based cleavable group. The probe is designed in such a way that the excited state intramolecular proton transfer (ESIPT) of the HBT moiety gets blocked. The chemodosimetric approach of F À to the probe results in the recovery of the ESIPT by removal of a free HBT moiety through hydrolysis process. The signaling process was conrmed by the UV-vis, uorescence measurements as well as 1 H and 13 C NMR and HRMS spectroscopy. The probe PBT also showed potentially useful sensing ability for the determination of F À in practical samples of environment water and toothpaste samples. The detection limit of the probe in the determination of F À was 3.8 nM in the dynamic range of 0.5 mM to 10 mM, and the response time was 2 min. The experimental studies and the practical applicability of the presented uorometric method in environment water and toothpastes obviously demonstrated the selectivity and satisfactory detection for F À when compared with other anions.
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